Summary: The brainstem projections of sensory fibers of the lung were determined in the rat by using the horseradish peroxidase (HRP) and c-fos immunohistochemical methods. Wheat germ agglutinin conjugated HRP (WGA-HRP) was injected into the parenchyma of the upper lobe of the left lung. This injection resulted in anterograde labeling in the nucleus of the tractus solitarius (NTS), area postrema (AP) and external cuneate nudeus (ECu) with slightly ipsilateral predominance. It was of interest that these labeled sensory fibers are heavily accumulated in the medial subnucleus at the rostral pole of the NTS and in the commissural subnucleus at the caudal pole. In particular, labeled fibers in the medial subnucleus were characterized by division into the ventral and dorsal portions. After formalin was injected into the parenchyma of the upper lobe of the left lung, the expression of c-fos-like immunoreactivity (FOS-LI) was observed in three nuclei of the brainstem mentioned above. In addition, this experiment resulted in the expression in the ventrolateral medulla, nucleus raphe pallidus and dorsal motor nucleus of vagus nerve bilaterally. With respect to the number of the immunoreactive cells, we could draw the conclusion that the most optimum time to induce the expression of FOS-LI is between 1.5 h and 2.0 h after noxious stimuli.
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There are some anatomical evidence of the nerve supply of the airway smooth muscle8'32). Autonomic ganglia were found along the arteries and bronchi around the hilus of the lung in the rat"). Sympathetic and vagal parasympathetic cells were demonstrated to be the origin of innervation of the lower respiratory tract7 '30) . Furthermore, such autonomic efferent fibers were shown to distribute predominantly to the bronchial and vascular smooth muscle as well as exocrine glands"). On the other hand, it was pointed out that sensory fibers of the lung are abundant in the respiratory tract and are situated close to the bronchial lumen between the epithelial cells"'"'").
In observations of the sensory fibers, recent anatomical studies have focused mainly on brainstem projections of the upper respiratory tract"'16'27) with an exceptional report of the lower respiratory tract"). In particular, the immunohistochemical studies indicated the expression of fos-like immunoreactive cells in several major brainstem nuclei including the NTS after noxious chemical stimuli were applied to the mucosa of the upper respiratory tractl'4' 2° ' 3 3' 34) .
The aim of the present study was, therefore, to elucidate in detail the brainstem projections of sensory fibers of the lower respiratory tract using the HRP and c-fos immunohistochemical techniques in the rat.
Materials and Methods
Twenty-nine male Wistar rats, weighing 200-240 g, were used in this study. All surgical procedures were perfomed under general anesthesia with sodium pentobarbital (40 mg/kg i.p.).
Experimental group 1
The HRP experiments were carried out on eight rats. After anesthetizing without undergoing thor-acotomy, 150 d of 0.2% WGA-HRP (Toyobo) containing 30% HRP (Toyobo, Grade I-C) were injected into the upper lobe of the left lung through the fourth left intercostal space using a thin plastic tube. After a survival period of 72 h, the animals were anesthetized and perfused via the left ventricle of the heart with O.1M phosphate buffer (PB, pH 7.4) followed by a fixative containing 1 % paraformaldehyde and 1.25% glutaraldehyde in O.1M PB. The brainstem was removed and placed into 30% sucrose in 0.1M PB at 4 °C until the tissues sank. Serial 60 gm thick frozen sections were cut transversely on a microtome. The sections were processed for the demonstration for HRP reaction product according to the tetramethyl benzidine (TMB) protoco124). The sections were then mounted on gelatine-coated slides and counterstained with neutral red.
Experimental group 2
Eight rats were housed individually in a temperature-controlled room. These animals were adapted the conditions for at least five days and were handled daily to minimize nonspecific stress of the day of experiment. After anesthetizing without undergoing thoracotomy, 150 d of a 10% formalin saline solution were injected into the upper lobe of the left lung through the fourth left intercostal space. Within 10-20 min after injection, the animals were alert and allowed to survive for 1.5-2.0 h. The animais were then anesthetized and perfused with 80-100 ml of 0.02M phosphate buffer saline (PBS, pH 7.4), followed by 500 ml of 4% paraformaldehyde in 0.1M PB (pH 7.4) for 40-50 min. After perfusion, the brainstem was removed and placed into 30% sucrose in 0.1M PB at 4 °C for 24 h. Transverse frozen sections were cut (40 pm) through the brainstem. Alternate sections were immunohistochemically processed for FOS-LI according to the method of Hisano et al.12) Briefly, sections were firstly blocked in 10% normal goat serum (NGS) (in 0.02M PBS with 0.2% Triton X-100) for 30 min at room temperature, and then incubated for overnight (at 4 °C) in polyclonal rabbit antiserum directed against the c-fos protein (Ab-2, purchased from Oncogene Science), diluted 1 :1000. The sections were incubated in biotinylated rabbit-antigoat IgG (containing 0.5% skim milk) for 1.0 h at 35 °C, and processed using the avidin-biotincomplex (ABC) method' 3)• Subsequently, all of the sections were treated with 0.006% DAB and 0.003% H202 in 0.02M PBS for 5 min at room temperature. Finally, the sections were mounted on gelatin-coated slides, air dried and coversipped.
Control group
As a control of c-fos immunohistochemical study, the following additional experiments were performed. 1. 150 p1 of 0.9% saline were injected into the upper lobe of the left lung and animals were perfused at 2.0 h postinjection (2 rats). 2. In order to exclude the effects related to pneumothorax and/or anesthesia, the animals received only the puncture into the same region of the left lung (2 rats). 3. After 150 Ill of 10% formalin was injected into the left lung as previously described, the animals were perfused at 0.5, 1.0 and 3.0 h postinjection (6 rats). As an additional experiment, the catheter was inserted into the femoral artery in order to examine the effects of formalin injection upon blood pressure on a multichannel polygraph (Nihondenki-Sanei 360) (3 rats).
Results

Experimental group 1
The application of WGA-HRP into the parenchyma of the upper lobe of the left lung in the rat resulted in labeling of the vagal sensory fibers. These labeled fibers entered into the TS and were mainly distributed to the NTS at the level of +0.7 to -1 .6 mm to the obex with slightly ipsilateral predominance (Fig. 1) . The subdivision of the rat NTS was made according to the description of Kalia and Sullivan (1982) . In the NTS, the labeling was exclusively confined to the medial and commissural subnuclei at the level rostral and caudal to the obex, respectively (Figs. 2 A and B) . However, it was of particular interest that the labeled fibers distributed to the medial subnucleus of the NTS are divided into the ventral and dorsal portion around the level of the obex (Figs. 1 levels B and C, and
Experimental group 2
Injections of formalin into the upper lobe of the left lung resulted in the expression of c-fos-like immunoreactivity (FOS-LI) in various areas of the brainstem bilaterally. A large number of immunoreactive cells were present in the NTS at the level of +0.5 to -1.5 mm to the obex (Fig. 4) . FOS-LI cells were characteristically confined to the medial and commissural subnuclei of the NTS (Figs. 4 and 5 ) with a sparse distribution to the ventrolateral, dorsolateral and intermediate subnuclei. As shown in the HRP experiments, these cells were recognized to have some tendency of forming two aggregations in the medial subnucleus of the NTS around the level of the obex (Fig. 6 A) . Weak expression of FOS-LI was also observed in the AP (Fig. 6 B) and the dorsal portion of the ECu (Fig. 6 C) . However, the present immunohistochemical study also revealed some accumulation of FOS-LI cells in the ventrolateral medulla (VLM), nucleus raphe pallidus (RPa), medial and inferior vestibular nuclei and medial accessory inferior olivary nucleus. Fewer cells were observed sparsely in the lateral portion of the DMV, lateral reticular nucleus and ventral surface of the medulla oblongata (Fig. 4) .
Control group
In the animals receiving injections of 0.9% saline and lung puncture, FOS-LI cells were sparse in the NTS, AP, VLM, RPa and inferior olivary nucleus with exception of the vestibular nucleus. Although the survival time of 0.5, 1.0 and 3.0 h after injection of formalin into the lung also showed weak expression in these areas of the brainstem, a considerable number of FOS-LI cells could be found in the vestibular nucleus. In an additional experiment, the mean arterial pressure was constantly 110 mmHg after injection of formalin into the lung.
Discussion
The present HRP and c-fos immunohistochemical studies demonstrated the central projections of primary afferent fibers of the lung. These afferent fibers are considered to be originated from the sensory receptors, the type J pulmonary receptors26), and additionally slowly-adapting, rapidly-adapting and C-fiber receptors3"'"). The present experiments in the rat led to the conclusion that the medial and commissural subnuclei of the NTS are major targets of the afferent fibers. Particularly, the fibers were divided into two portions in the medial subnucleus around the obex level. However, Kalia and Mesulam") described in the cat receiving HRP injections into the upper lobe of the lung that the sensory fibers are heavily accumulated in the coinmussural subnucleus at the level caudal to the obex, and the ventrolateral and dorsolateral subnuclei throughout the rostrocaudal extent of the NTS. In addition, it was mentioned that the extrathoracic trachea injections of HRP result in heavy labeling in the medial subnucleus, while the laryngeal, intrathoracic trachea and bronchus injections reveal labeling in the interstitial, dorsolateral or dorsomedial subnuclei. The discrepances of these findings of sensory fibers terminated in the NTS seem to be due to species differences.
The present study also demonstrated that the AP and ECu are another targets of the primary afferents of the lung. In this point, Kalia and Mesulam15) pointed out the definite projections to the AP after HRP injections into the lung and bronchus in the cat. With respect to the functional significance of the AP, considerable evidence suggest that the AP plays an important role in regulation of cardiovascular functions".
In fact, stimuli of hypertension or hypotension induce strong expression of FOS-LI in the AP5'1° '22) . It is also of interest to note the influence of the AP upon the sympatheticrelated neurons in the rostra! VLM". However, considering the constant arterial pressure of 110 mmHg and expression of FOS-LI cells in the AP and VLM in the present experiments, it is likely that the AP-VLM pathway has a relation with some important sympathetic reflex influencing upon the lower respiratory tract. On the other hand, in contrast to the present findings of labeling in the ECu, the previous study by Kalia and Mesularn15) indicated no evidence of afferents to the ECu from the lung in the cat. As it has been generally accepted that the ECu receives primery afferents of the trigeminal nerve28,36), spinal nerves18,21,23,29,38) and muscles2 '11'19) , further detailed studies should be needed to confirm the neural connections of afferents of the lung with the ECu as well as the presumed secondary receptive areas of the VLM, RPa and DMV.
In the present c-fos experiment, strong expression of FOS-LI was obtained in various regions of the brainstem at the survival time of 1.5 and 2.0 h after the injection of formalin into the lung. However, the expression was very weak at 0.5, 1.0 and 3.0 h. It is likely, therefore, that the optimum time to induce FOS-LI cells is between 1.5 and 2.0 h after stimulation of the lower respiratory tract. These findings correlate well with those reported for noxious stimuli of the skin".25). Additionally, approximately equal numbers of FOS-LI cells were found in vestibular and inferior olivary nuclei in experimental and control groups. These findings appear to indicate that neurons in such areas have a back- 
